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Abstract
Few-layer graphene films are grown using a molecular beam deposition (MBD) technique in ultra high vacuum by evaporation
of atomic carbon and subsequent annealing of the samples at 800-900 C. The graded thickness layers are grown on strip-shaped
oxidized silicon substrates which are covered with 300nm thick nickel films deposited by e-beam evaporation. The thickness of the
deposited carbon layers changes continuously from 70 Å to less than 4 Å. The relatively narrow optical phonon bands in Raman
spectroscopy reveal that good quality multi-layer graphene films form on the Ni surface.
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1. Introduction
Graphene is a single layer of graphite in which carbon atoms
are arranged in a honeycomb crystal lattice. The remarkable
properties of graphene layers have fueled expectations as a
novel material base for applications in future generation de-
vices [1]. The robustness of the quantum properties, exempli-
fied by remarkable observations of quantum Hall eect at room
temperature [2], open up a vast potential for new applications
such as transistors [3] in which the quantum nature of carrier
states could be exploited.
Much of the enormous interest in graphene stems from
results obtained in samples mechanically exfoliated from
graphite. Practical applications, however, require reliable and
well-controlled methods for fabrication of large area graphene
films. Graphene layers have been grown by selective sublima-
tion of silicon atoms from a SiC substrates [4, 5]. Recently it
has been shown that high quality monolayer graphene can be
epitaxially grown on SiC at reduced temperatures by assistance
of carbon deposition in Ultra High Vacuum (UHV) [6]. Chem-
ical growth methods have led to the synthesis of graphene from
reduction of graphene oxide [7] (RGO) adequate for transparent
electrode applications. High quality graphene layers were fab-
ricated using Chemical Vapor Deposition (CVD) on nickel [8–
10] and copper [11, 12] with methane as the source of the
carbon atoms. Other ways to synthesize graphitic carbon lay-
ers have been successfully obtained by a carbon solid source
Molecular Beam Epitaxy (MBE) process on Si(111) [13].
We report the growth of high quality few-layer graphene
films by UHV atomic carbon deposition from a hot glassy car-
bon filament. The growth configuration (see Fig. 1) enables
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Figure 1: (Color online) Illustration of the experimental set up. The inset de-
picts a side view with labels of the geometrical parameters D0=13.3 mm and
d.
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the fabrication of graded thickness ultra-thin films onto elon-
gated substrates that support a thin nickel film. After an anneal-
ing treatment, graphene layers form on the Ni surface. Raman
spectra of the samples show the characteristic optical phonon
features that are associated with graphite and graphene. The
fabrication of ultra-thin graphitic films by molecular beam de-
position (MBD) in UHV creates possibilities for fabrication of
large area graphene layers. One of the benefit of this method
is the absence of impurities that will allow in situ preparation
of ultra high pure metal buer layers (Ni, Cu) and high qual-
ity graphene layers. Another great benefit of this technique is
that it is compatible with in situ vacuum characterization tech-
niques such as scanning tunneling microscope (STM), x-ray
photoelectron spectroscopy (XPS), etc.
2. Materials and methods
2.1. Growth set up
Figure 1 illustrates the MBD growth set up. The UHV cham-
ber has a base pressure of 2x10 11 Torr. The source for carbon
atoms is a vitreous (glassy) carbon filament [14, 15](Fig. 1;
f, yellow). This type of cell produces a significantly cleaner
carbon film than conventional carbon cells for MBE [16]. The
substrate is positioned either in front of the carbon source or it
can be lowered in situ into an annealing stage (Fig. 1; a, or-
ange), which is a MBE Knudsen cell with a liner of tantalum
that provide a very uniform annealing temperature in a ultra
clean environment for samples with many dierent aspect ra-
tios. During the annealing, the tantalum cap (Fig. 1; c) attached
to the sample holder covers the tip of the oven. The tempera-
ture is monitored by an optical pyrometer through a small hole
(Fig. 1; h) and by a tungsten-rhenium thermocouple (Fig. 1,
tc) spot welded to the sample holder. During carbon deposition
the chamber pressure rises to 2 x 10 10 Torr and the sample is
heated to 350 C by the nearby glassy carbon filament which
has an operating temperature of 2100 C.
2.2. Raman set up
Raman spectra are excited at room temperature with an
argon-ion laser operating at =514.5 nm. The graphene sam-
ples are mounted on a xy-z stage for alignment. The z-direction
is parallel to the long edges of the sample. The laser spot size
is 20 m and the laser power is kept at 6 mW. Spectra are
recorded by a double grating spectrometer using CCD detec-
tion. The spectral resolution is 5 cm 1. Raman analysis is
focussed on measurements of D, G and 2D optical phonons.
These peaks are prominent features in the Raman characteriza-
tion of graphite and graphene [17–20]. The D band is typically
associated with defects and grain boundaries [17, 19]. The G
band (1580 cm 1) full width at half maximum (FWHM) is
regarded as a measure of disorder and electron-phonon cou-
pling [17, 18]. The 2D band (2700 cm 1) is a zero wave vector
two-phonon state [17, 19, 20].
The substrates are rectangular-shaped 5x40 mm2 silicon with
thermally grown (300nm) SiO2 layer on the surface. After the
substrates are cleaned with a mixture of sulfuric acid and hy-
drogen peroxide, a 5 nm of Ti followed by 300 nm of Ni are
deposited in a separate e-beam evaporation system.
2.3. Growth sequence
A typical growth sequence consists of a cleaning anneal at
800 C for 30 min followed by the deposition of the carbon
layer and a final annealing for 30 minutes at 800 to 900 C.
Then the samples are cooled at various controlled rates rang-
ing from -1 to -50 C/sec for the first 200 C. Annealing at
&1000 C after the carbon growth results in the destruction of
the nickel film continuity. The conditions that we use are the
optimum that we have found so far. Reasonably, the anneal-
ing temperatures are slightly lower than the ones employed in
CVD due to the big dierence in vapor pressures of the Ni at
atmospheric pressure (CVD) and in an UHV environment.
2.4. Estimation of the gradient on the deposited carbon
There is a strong gradient in the incoming carbon flux along
the long axis of the sample that will be used to explore multi-
ple thicknesses during the same deposition run. We can esti-
mate the deposited carbon thickness before the second anneal-
ing(d), using a Knudsen’s cosine law (equation 9 in reference
[21])
(d) = 0=(1 + (d=D0)2)2; (1)
where the parameters D0 and d and are defined in the inset of
Fig. 1, and 0 is the thickness at normal incidence. The car-
bon cell is calibrated by measuring the height of a step pro-
duced in a not-annealed deposited thick carbon film (13 h de-
position) by Atomic ForceMicroscope (AFM). For that purpose
a pattern with trenches is defined by UV photo-lithography and
oxygen dry plasma etch (5 min, sccm 30, 100 V). The carbon
growth rate is 0.123 Å/min for 14.25 A of DC current through
the glassy carbon filament.
Our MBD method can be used to control the amount of de-
posited carbon with sub-monolayer precision. It is possible to
easily change either the deposition time or the growth rate. Our
equipment has been designed for the growth of graded elon-
gated samples or small 3x3 mm2 graphene films of uniform
thickness.
3. Results and discussion
Figure 2(a) shows the Raman spectra of a carbon film on
Nickel without any annealing treatment. There are no traces
of D, G, or 2D Raman resonances. Panels (b-f) show the evo-
lution of the spectra as the deposited distance d to the edge of
the sample increases (i.e. as the carbon thickness decrease) in a
sample that has been annealed at 900 C for 30 min and cooled
down at -10C/sec. The presence of well-defined G and 2D
(and D) features reveals the formation of graphitic layers. The
spectra in Fig. 2 have been normalized to the G peak intensity,
and have been fit to a Gaussian lineshape in the cases of D band.
A Lorentzian lineshape was used for the G band [18].
The data in Fig. 2 is plotted as a function of the distance
d, instead of carbon coverage, to avoid confusion between the
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(a) Non annealed, as-deposited carbon film
Figure 2: (Color online) Raman spectra of ultra-thin carbon layers grown on
a strip-shaped 5x30 mm2 substrate. (a) As-deposited carbon before annealing.
(b-f) Evolution of the D, G and 2D resonances with distance d. For regions with
d 25 mm or larger (f) there are no characteristic resonances of graphene.
thickness of deposited carbon  and the actual precipitated car-
bon on the surface after the second annealing. The estimated
thickness  corresponding to the labels in the panels of Fig. 2
are (according to equation 1): (b) 56.8 Å, d=5 mm; (c) 30.2 Å,
d=10 mm; (d) 14.3 Å, d=15 mm; (e) 7.0 Å, d=20 mm; and (f)
3.6 Å, d=25 mm. The presence of the Raman resonances is a
result of the formation of graphite. For the thinnest regions of
deposited carbon (just before the Raman resonances disappear)
these results suggest the formation of few graphite layers, that
is to say, few multilayers of graphene.
The D band has a width between 70-92 cm 1, revealing some
degree of disorder associated with a broad distribution of crys-
talline sizes as confirmed by AFM (inset of Fig. 3) which shows
many grains with sizes .1 m. The surface, independent of
the position d of AFM measurement, has the same grain struc-
ture with a root-mean-square (RMS) roughness of about 120 Å.
Therefore, this multigrain structure of the multilayer graphene
film is mainly attributed to the morphology of the underlying
Ni film.
Figure 3 presents the evolution of the G band width and the
relative height intensities I(2D)/I(G) and I(D)/I(G) with dis-
tance d. As d increases and the amount of deposited carbon
decreases, the G band narrows from 38 cm 1 to 34 cm 1. The
Raman signatures disappear for d 25 mm or larger, i.e. for
an estimated thickness equivalent to less than 3.6 Å; suggesting
that only a small fraction of the deposited carbon does not seg-
regate onto the Ni surface upon cooling as observed before [10].
The relative intensity I(2D)/I(G) shown in Fig. 3 slightly in-
creases when the carbon thickness decreases. We have much
less intense 2D peaks to the ones obtained in CVD works but
still >3 times better than the ones obtained by RGO (supple-
mentary information [7]). It is conceivable that this source of
broadening could be the impact of grain size and breakdown of
wave vector conservation in Raman scattering. The thinnest re-
Figure 3: (Color online) Evolution with distance d of G bandwidth and relative
height intensities I(2D)/I(G) and I(D)/I(G). Inset: 8x8 m2 AFM image of a
sample with 74 Å deposited carbon. AFM color palette scale is 1100Å.
gions present very low I(D)/I(G) values suggesting that as the
quality of these layer is high. The quality of the layers clearly
improves for d >15 mm, corresponding to 14 Å of deposited
carbon prior to the second annealing process. We find that the
best graphene layers are obtained with 7 Å of carbon. The limits
on the obtained quality seems to be the surface morphology of
the nickel buer layer. Further work is in progress to improve
the quality of the Ni buer layer.
Multilayer graphene films produced by CVD on Ni [9] and
Cu [11] display a G band FWHM of 26 cm 1 and 22 cm 1,
better than that in our thinnest film. On the other hand, multi-
layer graphene grown by RGO [7] shows a significantly larger
G band width of about 55 cm 1. This G band width analysis
indicates that the quality of layers grown by MBD is closer
to those of CVD grown graphene films. The D peak inten-
sities in the thinner regions are much lower to those reported
for RGO graphene grown samples [7] but somehow similar
than those reported for CVD grown films measured with micro-
Raman scattering in regions of graphene grains away from their
edges [8, 9]. Other methods have succeeded in using a solid
source of carbon forMBE growth of graphitic carbon films [13]
on Si(111) showing clear sp2 character in the XPS spectra. In
comparison, our samples present higher quality with a much
narrower G band and less intense D peak.
4. Conclusions
To conclude, a method for the fabrication graphene layers
has been developed by using MBD on Ni employing a highly
ecient carbon source. The amount of deposited atomic carbon
can be accurately controlled. Raman spectroscopy characteri-
zation indicates that the MBD samples consist of good quality
few layer graphite/graphene.
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